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Details of the metadynamics simulations

We performed metadynamics simulations1,2 using the PLUMED 1.3 package3 at various

temperatures between 295 K and 315 K with 5 K intervals. The length of a single metady-

namics simulation was 50 ns with a timestep of 2 fs. As initial configuration, we used the

energy-minimized structure of PNIPAM in pure water. All simulations were performed in

NVT ensemble using the Berendsen thermostat4. The radius of gyration Rg of PNIPAM as

defined by

R2
g =

1

N

N∑
i,j

(~ri − ~rj)2 (1)

with the positions of the Cα backbone carbon atoms was chosen as collective variable. The

width and the height of the Gaussian hills were σ = 0.1 nm and ω = 0.1 kJ/mol, respectively.

New hills were deposited each 2 ps to ensure proper relaxation2. A typical example for the

trajectory in the monitored collective variable space Rg at 300 K is shown in Fig. 1. One can
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Figure 1: Trajectory of the metadynamics simulation in the monitored collective variable
space Rg at 300 K.

clearly see, that often visited states belong to conformations with Rg ≈ 0.8 nm and Rg ≈ 1.4

nm, which were therefore chosen as reference states for our subsequent restrained position
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simulations. The observation of higher or lower values of Rg is induced by the energy hill

deposition procedure2, inducing stronger and less relevant deformations of PNIPAM at the

boundaries of the phase space. Therefore, we disregarded these conformations and concen-

trated on the more reliable conformations at the Rg positions mentioned above. Moreover,

the back- and forward moving in phase space, which guarantees a full exploration of the

accessible collective variable space is evident. As a side remark, the collective variable space

was nearly comparable for all temperatures between 295 K and 315 K, assuming that the

reference conformations can be regarded as representative conformations in this temperature

range.

Cumulative number of molecules around PNIPAM

The cumulative number of molecules around be PNIPAM can be calculated by Eqn. (9)

in the main text. The exemplary results for water and TMAO molecules around a coil

conformation of PNIPAM at 288 K are shown in Fig. 2.
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Figure 2: Cumulative number of molecules around a coil state of PNIPAM at 288 K for
different distances r. The results for different PNIPAM configurations, different temperatures
and different TMAO concentrations are comparable.
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Transfer free energies and preferential binding parame-

ters

Table 1: Preferential binding coefficients ν23 for TMAO and transfer free energies ∆F23 for
the different PNIPAM conformations, TMAO concentrations c and temperatures T .

T [K] Conformation c [mol/L] ν23 ∆F23 [kJ/mol]

288 Coil 1.26 1.81 -4.33

288 Globule 1.26 5.56 -13.31

288 Coil 2.53 0.95 -2.27

288 Globule 2.53 4.17 -9.98

328 Coil 1.26 3.18 -7.61

328 Globule 1.26 6.07 -14.53

328 Coil 2.53 2.43 -5.82

328 Globule 2.53 6.87 -16.45
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Local/bulk partition coefficients
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Figure 3: Local/bulk partition coefficients Kp(r) for TMAO concentrations of c = 1.26
mol/L (circles) and c = 2.56 mol/L (triangles) around the globular (blue lines) and the coil
conformation (red lines) at 288 K (top) and 328 K (bottom).

Differences in the transfer free energies

Table 2: Difference of the transfer free energies ∆∆F23 for the transition from the globular
to the coil states for different TMAO concentrations and temperatures.

T [K] c [mol/L] ∆∆F23 [kJ/mol]

288 1.26 8.98

288 2.53 7.71

328 1.26 6.92

328 2.53 10.63
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Hydrogen bond kinetics

In order to study the kinetics of the hydrogen bonds between PNIPAM and water molecules,

we calculated the time-dependent rate constant5 as defined by

k(t) = −dc
dt

= −kcc(t) + knn(t) (2)

where kc and kn denote the rate constants for the formation and cleavage of a hydrogen-

bonded pair of molecules and c(t) and n(t) the corresponding probabilities. Thus, k(t) can

be interpreted as the relaxation rate towards equilibrium and hence, −k(t) as the average

rate of change of hydrogen bond population for a hydrogen-bonded pair of molecules. The

corresponding results for both PNIPAM conformations and both TMAO concentrations at

different temperatures are depicted in Fig. 4. For short times t ≤ 10 ps, one can observe

the largest values of k(t) with the order c = 2.53 mol/L < c = 1.26 mol/L < c = 0.0

mol/L at T = 328 K whereas this trend is less pronounced for lower temperatures. Thus, at

short times the presence of TMAO enhances the probability of hydrogen bonded PNIPAM-

water pairs. In contrast, for longer times t > 30 ps the above mentioned order is reversed.

However, the impact of this effect at longer times is less important due to the small values

for k(t) < 0.01 ps−1. In summary, TMAO induces a slight amplification of hydrogen bond

occurrence probabilities at the more important short time scales and specifically at higher

temperatures.

Structural properties of hydrogen bonds

In order to study the structural properties of hydrogen bonds, we first evaluated the angular

distribution of hydrogen bonds between PNIPAM-water donor-acceptor pairs for different

concentrations of TMAO, different coil and globular states of PNIPAM and at different

temperatures. The results are shown in Fig. 5. It is evident that the presence of TMAO
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Figure 4: Time-dependent rate constant k(t) for hydrogen bonds between PNIPAM and
water molecules for TMAO concentrations c = 1.26 mol/L (blue line), c = 2.53 mol/L
(green line) and without TMAO (red line) for coil and globular conformations of PNIPAM
at different temperatures as denoted in the inset.
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induces a higher ordering in the distribution of hydrogen bond angles. Thus, the distribution

becomes more narrow and the fluctuations for the hydrogen bond angles in presence of TMAO

are more restricted. The effects are more pronounced at higher temperatures. We also
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Figure 5: Angular distribution of hydrogen bonds between PNIPAM and water donor-
acceptor pairs for different TMAO concentrations as denoted in the legend for a) coil state
(PNIPAM), T = 288 K, b) coil state (PNIPAM), T = 328 K, c) globular state (PNIPAM),
T = 288 K, d) a) globular state (PNIPAM), T = 328 K.

calculated the probability distribution for the PNIPAM-water donor-acceptor pair distance.

The corresponding results are depicted in Fig. 6. The results are comparable to our findings

for the angular distribution. At higher temperatures and in presence of TMAO, the distance

distribution becomes more narrow and therefore fluctuations are more restricted. Nearly no

effects were found at 288 K. Based on our findings, we can conclude that TMAO leads to

a slight increase of hydrogen bond order and stability. The effects are more pronounced at

higher temperatures.

8



a)

 0

 5

 10

 15

 20

 25

 0.24  0.26  0.28  0.3  0.32  0.34

P
(r

)

r [nm]

c=0 mol/L
c=1.26 mol/L
c=2.53 mol/L

b)

 0

 5

 10

 15

 20

 25

 0.24  0.26  0.28  0.3  0.32  0.34

P
(r

)

r [nm]

c=0 mol/L
c=1.26 mol/L
c=2.53 mol/L

c)

 0

 5

 10

 15

 20

 25

 0.24  0.26  0.28  0.3  0.32  0.34

P
(r

)

r [nm]

c=0 mol/L
c=1.26 mol/L
c=2.53 mol/L

d)

 0

 5

 10

 15

 20

 25

 0.24  0.26  0.28  0.3  0.32  0.34

P
(r

)

r [nm]

c=0 mol/L
c=1.26 mol/L
c=2.53 mol/L

Figure 6: Distance distribution of hydrogen bonds for PNIPAM and water donor-acceptor
pairs for different TMAO concentrations as denoted in the legend for a) coil state (PNIPAM),
T = 288 K, b) coil state (PNIPAM), T = 328 K, c) globular state (PNIPAM), T = 288 K,
d) a) globular state (PNIPAM), T = 328 K.
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